Nowadays, the major challenge of diesel engines development is simultaneous nitrogen oxides and soot emissions reduction without the thermal efficiency drop. Hence, different combustion concepts should be investigated to reach optimum emission and performance conditions in diesel engines without expensive aftertreatment systems. This paper presents the results of a study on a dual fuel (DF) engine including natural gas and diesel fuel in view of combustion and emissions parameters. The current investigation also supports by 3D-CFD simulation coupled with the chemical kinetics mechanism for detailed investigation. Based on the results, increasing the premixed ratio of natural gas from 50% to 90% causes the combustion shifts toward the expansion stroke. Therefore, the in-cylinder pressure and combustion efficiency decreases. In 90% premixed ratio of natural gas, the non-combustion condition can be observed. This phenomena leads to extremely increase in HC and CO emissions.
A B S T R A C T
Nowadays, the major challenge of diesel engines development is simultaneous nitrogen oxides and soot emissions reduction without the thermal efficiency drop. Hence, different combustion concepts should be investigated to reach optimum emission and performance conditions in diesel engines without expensive aftertreatment systems. This paper presents the results of a study on a dual fuel (DF) engine including natural gas and diesel fuel in view of combustion and emissions parameters. The current investigation also supports by 3D-CFD simulation coupled with the chemical kinetics mechanism for detailed investigation. Based on the results, increasing the premixed ratio of natural gas from 50% to 90% causes the combustion shifts toward the expansion stroke. Therefore, the in-cylinder pressure and combustion efficiency decreases. In 90% premixed ratio of natural gas, the non-combustion condition can be observed. This phenomena leads to extremely increase in HC and CO emissions. doi: 10 The NOx formation in diesel engines are mainly attributed to thermal mechanisms. So they increase exponentially with the temperature [1] [2] [3] . The low temperature not only results in less NOx emission but also leads to the reduction of soot formation. The formation of soot is occurred during and after the combustion in the locally fuel rich zones. Therefore, the homogeneous mixing of fuel and air prior to the combustion results in more reduction of the soot emission [4, 5] . Hence, extensive studies have been done in recent years on the application of strategies to reduce the combustion temperature of the compression ignition engines. These strategies are commonly classified as low temperature combustion (LTC) technologies. In most LTC strategies, combustion temperature is kept low through the reduction of locally fuel rich zones which are the main contributors to the emissions formation and combustion process. This condition is generally happened in the premixed fuel-air mixture. One of the first experimental studies is done by Selim [4, 5] , in which the effect of the engine speed and load variation on the combustion noise of the conventional dual fuel and diesel engines were studied. The test results revealed that the pressure rise rate (the combustion noise) slightly increases with the engine load for the diesel engine; however, considerable increase is seen for the dual fuel engine. The pressure rise rate in the diesel mode is in the range of 4 bars per crank angle degrees (CAD) and it is almost constant. For the dual fuel mode, this parameter ranges from 4 in low loads to 15.5 bars per CAD in higher loads. Furthermore, the results indicate that the pressure rise rate generally reduces with the engine speed for both combustion modes. Krishnan et al. [6] tested different pilot injection timings in a one cylinder diesel engine to find the conditions for less NOx emission and higher thermal efficiency in DF engines. The tests were carried out in full load and the engine speed and the amount of pilot fuel is kept constant. Advancing the injection timing results in an increase in thermal efficiency from 35 to nearly 43%. However, the NOx formation is much higher for the timing of the maximum efficiency. As a general conclusion, it is recommended to advance the pilot fuel injection timing to reduce the NOx formation and maintain the least reduction in the thermal efficiency. Yang et al. [7] studied the influence of the start of diesel fuel injection, start of the natural gas injection and the injection pressure on the emission characteristics and combustion at low load in a DF engine converted from the base diesel engine being equipped with the common rail system. The results indicate that retarding the natural gas injection increases the in-cylinder pressure and the heat release rate (HRR). This is because the delay in the start of natural gas injection increases the fuel-air stratification in the combustion chamber resulting in an improvement in the flame propagation in the cylinder; however, this natural gas injection delay does not have profound effect on engine-out emissions. Moreover, the effect of two diesel injection timings on the emission characteristics and combustion of engine is investigated. Advancing the injection timing from 5 CAD BTDC to 17 CAD BTDC, improves performance and considerably reduces the carbon monoxide and UHC emissions; while NOx emission increases. This is because the flame speed is increased which results in a more complete combustion. Lounici et al. [8] studied the effect of substituting the main fuel of a CI engine with the natural gas being ignited with the pilot fuel on the emission characteristics and performance of the engine. The results reveal that the break specific fuel consumption (SFC) at part loads is higher compared to the diesel combustion. This is because of the lower combustion temperature and incomplete combustion of the natural gas. However, at mid to high loads the results are better and break SFC is lower compared to the diesel combustion. This is because of the improved combustion of the natural gas and the increased HRR during premixed combustion phase. Kusaka et al. [9] conducted a numerical investigation of the emission characteristics and combustion of a DF engine at part loads using CFD method. They used a tridimensional model together with a reduced chemical kinetics mechanism having 43 species and 173 reactions.
Their study illustrated that the low combustion rate of the premixed fuel-air mixture leads to the incomplete combustion of natural gas and high level of UHC formation. Moreover, they investigated the effects of initial temperature and different EGR rates on the ignition and combustion of the DF engine. Their results indicate that combining EGR with intake mixture heating effectively decreases NOx and UHC emissions. Maghbouli et al. [10] compared dual fuel and diesel combustion strategies using Fire software together with chemical kinetics mechanism containing 42 species and 5 reactions. The increase of the gaseous fuel content in the dual fuel mode leads to an increase in the ignition delay. The reduction in formation and emission of UHC from dual fuel engines, which is mainly consisted of unburnt methane, is beneficial not only in terms of economic and fuel consumption issues but also in terms of greenhouse effects of methane which is 25 times higher than that of the carbon dioxide in a 100-year period [11] . In this regard, the utilization of the LTC strategies including premixed combustion of homogeneous charge or partially premixed charge leads to favorite results in terms of simultaneous effects of decreased pollutants emission and increased combustion efficiency compared to conventional diffusion combustion in compression ignition engines. The DF partially premixed combustion strategy which is called the "reactivity controlled compression ignition (RCCI)" combustion in the literature, has the potential to overcome the limitations of the conventional diesel and dual fuel combustion strategies through controlling the overall reactivity together with in-cylinder reactivity and charge stratification. In this combustion technology, a low-reactive fuel is mixed with air before or during compression stroke using mixer or injector to form a homogenous mixture. Thereupon, the injection of a highly-reactive fuel at the early timings in the compression stroke forms a partially premixed reactive charge being the combustion initiator.
Regarding the literature survey, most of the RCCI studies are carried out using diesel and petrol fuels and few studies are done on the RCCI combustion of the natural gas and diesel. Furthermore, most of the studies of the RCCI combustion of the natural gas and diesel are experimental studies at mid to high engine loads. Therefore, it is necessary to investigate the RCCI low temperature combustion of natural gas and diesel at part to low loads. In this regard, the CFD simulation using chemical kinetics mechanism is very useful to better understand the characteristics of the RCCI combustion of natural gas and diesel and also the effect of different parameters on the control of in-cylinder charge reactivity.
RESEARCH METHODOLOGY
The simulation of internal combustion engine performance deals with different fields of science especially the mechanical engineering. The different aspects of interest may include fluid mechanics, heat transfer, turbulence, numerical calculations, combustion and thermochemistry. The prediction of the details of the flow field in IC engines and the combustion and heat transfer processes is possible by the numerical solution of the conservation equations. The first step in the numerical solution is the creation of a model to describe the processes. To build the model of a process, it is necessary to split it into a set of distinct processes and change the problem to some minor problems. Thereupon, these minor problems should be defined physically and their mathematical formulation should be presented. The simulation models present the combustion process and/or the chemical reactions in the exhaust gas according to the complexity level of the models. The features such as heat and mass transfer and combustion chemistry can be studied and the effective parameters can be correctly determined. In general, the combustion simulation in IC engines can be divided into three categories based on the considered spatial variations [12]: 1.
Zero-dimensional models (single-zone thermodynamic models) 2.
Quasi-dimensional models (multi-zone thermodynamic models) 3.
Multi-dimensional models (CFD models) Multi-dimensional combustion simulation methods which are often called CFD models, are based on the laws of physics and chemistry (simplified by some assumptions) using the experimental results. In this model, a set of momentum, mass, chemical species and energy conservation equations are solved numerically as partial differential equations using appropriate initial and boundary conditions. Moreover, sub-models for turbulence, chemical processes, boundary layer, etc. are incorporated in this kind of modeling. The most common CFD combustion models which are being used extensively by the researchers at present are Kiva, Star CD and Fire software.
In the present study, the Fire software which is a modern CFD software and has the potential to well simulate the internal combustion engines is used. Using this software, it is possible to couple the tridimensional CFD model and chemical kinetics for accurate prediction of the start of combustion, burn duration, emissions, output power and for correct estimation of the in-cylinder pressure and temperature trace. The simulation of the fuel spray is to determine the mechanisms governing the breakup or separation of large droplets into smaller droplets; finally, evaporation and mixing with the gaseous phase. To date, numerous studies are conducted in this area and many models are presented. In this study, the combination model of Kelvin Helmholtz-Rayleigh Taylor (KH-RT) which is one of the most complete and up-to-date models is used to describe the fuel droplets breakup [13] . In this model, Kelvin Helmholtz surface waves and Rayleigh Taylor turbulence are combined to describe the droplets breakup. The HRR is calculated based on the following model proposed by Krieger and Borman. This model, which is based on the thermodynamic first law, is widely used in the literature for combustion analysis [14] .
Here, γ is the ratio of specific heats; P and V are instantaneous cylinder pressure and volume, respectively; and θ is the crank angle degrees. The HRR calculation is carried out in the closed cycle from intake valve closing (IVC) to exhaust valve opening (EVO) with constant mass. In the partially premixed dual fuel combustion, where the major part of the energy is provided from the premixed low-reactive fuel, one of effective factors to control the combustion is the thermo-kinetic reactions which are dependent on the in-cylinder charge properties [15] . Therefore, the chemical kinetics of the fuel is one of important parameters to determine the combustion and emission characteristic. Hence, in the present study, the tridimensional CFD model of the Fire is coupled with Chemkin to solve the chemical kinetics mechanism.
MODEL DESCRIPTION AND VALIDATION WITH EXPERIMENTS
The experiments are carried out on an in-line 6-cylinder heavy-duty diesel engine with 425 hp rated power. Table  1 shown technical specifications of the engine. 
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The engine is equipped with high pressure common rail fuel injection system and engine management system. The diesel fuel injection system can inject the fuel with a constant pressure up to 2000 bars using 8-hole injectors. 8 injection valves are added to the downstream of the air path after the intercooler in the air manifold for natural gas admission to the intake air. Due to the use of the 8hole diesel fuel injector and the created symmetry, only a 45-degree tridimensional section of the combustion chamber shown in Figure 1a is modeled in the present study.
Based on the simulation results of the different mesh sizes and the runtime, the mesh size providing a whole mesh number of 20,350 cells at top dead center is selected for the simulation. As mentioned before, a multi-dimensional CFD model coupled with chemical kinetic mechanism was developed in the present study. All related processes in flow filed of defined domain can be calculated by developed CFD model. The FIRE internal chemistry interpreter detailed chemistry solver is used in this study to include chemistry in combustion simulations, based on the same theory, which is implemented within CHEMKIN. The FIRE internal chemistry interpreter calculates the reaction rates for each elementary reaction while the CFD solves the transport equations. In this study, a reduced dual-fuel chemical mechanism for nheptane and methane composed of 50 species and 201 reactions is used for detailed combustion chemistry calculations during engine cycle. It should be noted that the natural gas has been modeled as pure methane in current study because a typical natural gas contains 92% methane by volume, and similar properties. Also nheptane used as a surrogate for diesel fuel. The NOx formation chemistry is represented by four species and 12 reactions, which is a reduced version of the GRI NOx mechanism based on extended Zeldovich mechanism.
To test the engine at varying load and speed based on the procedure, the engine is installed in the test cell with different connections such as water, oil, air and exhaust. To apply load on the engine a 560 kW ABB Innovasys HS001779 dynamometer is used. The amount of natural gas and diesel fuels are measured with a Micromotion CMF025M319NRAUEZZ mass flow meter. The air mass flow is measured with ABB 14241-7962637. The exhaust gas content is analyzed with the Horiba MEXA 7500 DEGR 5-gas analyzer. The soot emission is measured with AVL 415S. The in-cylinder pressure is measured with Kistler 6061B pressure transducer and the results are recorded on a CAD basis. Figure 2 shown the schematic diagram of the engine test cell. The uncertainty values for the engine parameters used in this study are presented in Table 2 . Two test cases were selected for the validation of the DF engine combustion simulation results. Table 2 presented the operating conditions for the two cases. Figures 3a and 3b illustrate the comparison of the simulation and the experimental results of the in-cylinder pressure traces for the two test cases summarized in Table  3 .
It is seen that the tridimensional model can accurately predict the in-cylinder pressure in compression and expansion strokes and the peak combustion pressure is calculated with negligible error. The main contributors to this negligible error may include: the uncertainty in the estimation of the temperature at IVC and uncertainty in the estimation of the residual gas mass in experiments; taking the piston and wall temperatures constant and uniform in simulations. Hense it can be concluded that the CFD/chemical kinetics model can well predict the incylinder pressure.
The validation and comparison of the simulation and the experimental results of the engine-out emissions are demonstrated in Figure 4 .
The simulation results are the amount of UHC, carbon monoxide and NOx at EVO. The variation trend of the emissions are consistent in simulation and experimental results and the amount of the emissions are well predicted by the simulation. The main important reasons of the differences between simulation and experimental emission results may include: simplification of the EGR composition; uncertainties in the estimation of the combustion chamber wall temperatures due to the unavailable experimental measurements of these temperatures; and considering the test fuels as methane and normal heptane.
RESULTS AND DISCUSSION
According to the research targets, test case 2 of Table 2 is selected as the base operating condition for the rest of the study on the dual fuel engine at part loads. It is seen that although the total energy content input to the combustion chamber is kept constant, the condition in which the premixed ratio is 50% leads to the maximum peak pressure. Increasing the natural gas percentage from 50 to 80% reduces the peak pressure from 141 to 118 bars. The reason can be sought by considering the HRR curves and the increase of the HRR in lower premixed ratios. the results shown the HRR curve has two peaks: the first phase is due to the occurrence of the cool flame reactions and considered as the low temperature heat release (LTHR). This phase with lower rate is due to the premixed combustion of the diesel fuel and is increased by increasing the ratio of injection of the high-reactive diesel fuel as can be seen in Figure 6 . The second phase of the combustion is considered as the high temperature heat release (HTHR) having higher rate and is influenced by the combustion of the premixed natural gas [16] . Based on the results, increasing the premixed ratio of natural gas to 90% reduces LTHR and HTHR significantly which is an indicator of the occurrence of partial/misfire burning and flame quenching in the cylinder. Combustion phasing specifications such as start of combustion (CA10), the occurrence of the main combustion phase (CA50) and the end of combustion (CA90) are the main specifications in the investigation of the combustion details in IC engines. The variations of these parameters are demonstrated in Figure 7 in order to study the natural gas ratio influence on the details of combustion and HRR.
It is seen that the increase in natural gas premixed ratio delays CA10 and the timing of the main combustion phase. This is due to increase in natural gas ratio, being a fuel with high auto-ignition temperature and low reactivity, reduces the reactivity of the in-cylinder charge and as a result delays the start of and the main combustion [17, 18] . Furthermore, the reduction in premixed ratio at fixed operating conditions similar to the base case, results in the reduction of the burn duration and the occurrence of a fast combustion. Therefore, the main combustion phase can be controlled by the adjustment of the ratio of diesel fuel to natural gas in a DF engine. Figure 7 . The comparison of combustion phasing (CA10, CA50 and CA90) at different natural gas premixed ratios of the combustion phasing on the ratio of the two fuels can be an appropriate control tool for the RCCI combustion comparing with other LTC technologies. Hence, the amount of each fuel should be controlled carefully for the optimum operation of the engine [19, 20] . Figure 8 presents the combustion efficiency index to study the quality of the combustion at different conditions. The combustion efficiency index is calculated with the correction factor presented in equation (2) in which Qin is the total energy provided by the fuel. 
Diesel fuel ratio increase as the fuel with high reactivity and the combustion initiator, the combustion efficiency also increases. This is due to the fast combustion of the natural gas at this condition makes it possible for the flame to propagate well in the in-cylinder lean mixture at Figure 8 . The comparison of combustion efficiency at different natural gas premixed ratios part loads. The flame quenching at 90% premixed ratio significantly decreases the combustion efficiency approaching zero. This case is not shown in Figure 8 for better comparison of results. An important issue in the investigation of premixed engines is the determination of the combustion noise and knocking level being a limiting factor in the development of these engines. According to the literature and due to the investigated engine is a turbocharged one, where the intake air pressure is boosted, the pressure rise rate cannot be an appropriate index for determining the knock level of the engine. Therefore, the ringing intensity (RI) index proposed by Eng is considered in this study [21] . In this method, the intensity of the combustion compression waves is determined based on the amplitude and speed of sound.
According to the experimental studies, the maximum amount of this index for a non-knocking premixed combustion (such as RCCI) in a heavy diesel engine is determined as 5 MW/m 2 [22] . Figure 9 demonstrates the calculated RI at different natural gas premixed ratios. It is seen that RI decreases by increasing the premixed ratio while other operating conditions such as intake air pressure and temperature, start of diesel fuel injection and EGR level. This is because of decrease in the incylinder temperature, pressure and combustion rate. A 50% natural gas premixed ratio results in an amount of RI higher than that of determined for non-knocking combustion. Therefore, some operating conditions such as diesel fuel injection timing should be regulated to get the optimum RI. Therefore, in order to operate the engine at 50% natural gas premixed ratio in the test cell, it is required that the engine map be modified for the nonknocking operation. For verifying the variation and distribution of emissions formation at different natural gas premixed ratios, their distribution at different conditions are demonstrated in Figure 10 at CA50 and CA90 timings.
By increasing the natural gas premixed ratio and decreasing the charge reactivity and ignition initiation spots, the combustion is delayed and its rate decreases resulting in a reduction in in-cylinder combustion. Generally, the main reasons for carbon monoxide formation are the reduction in charge temperature, the reduction in oxygen availability and the short reactive charge reaction duration. Therefore, too much reduction Figure 10e . The distribution of temperature and emissions mass fractions at different timings in the engine cycle at 90% natural gas premixed ratio in the temperature, resulted from 90% substitution of the natural gas, significantly increases carbon monoxide formation due to the significant reduction in its oxidation reaction rate. The main reasons for the formation of UHC are: flame quenching as a result of impingement to a lowtemperature wall leading to an unburnt film of mixture on the wall; the compression of the air-fuel mixture in the upper region of the piston compression ring which is away from the flames of the main combustion, therefore remaining in the cylinder without complete oxidation; and the existence of the lean fuel-air mixture which prevents combustion and flame propagation [23, 24] . The reduced natural gas premixed ratio, increases the initial energy content and ignition initiation spots of pilot diesel fuel which is accompanied by increased velocity and turbulence of the diesel fuel spray at higher flow rates and its breakup and atomization. Therefore, the improved combustion by decreased level of natural gas substitution, results in a more complete oxidation of the premixed natural leading to a decrease in the UHC formation especially in the pressure regions and the regions above the compression ring.
CONCLUSION
The simulation results of the partially premixed dual fuel combustion in direct injection engines indicate that increasing the gaseous fuel (methane) ratio retards the main combustion phase to the expansion stroke and as a result decreases in-cylinder pressure. This is due to decrease in the charge reactivity and the reduction in the formation and decomposition of the intermediate chemical species involved in the combustion like as formaldehyde and hydroxyl which directly influence the methane decomposition and HTHR rate. The improved flame stability and propagation throughout the combustion chamber at lower natural gas substitution levels increases the combustion efficiency. However, the RI index is also increased due to the increased in-cylinder pressure rise rate. Furthermore, basesd on the main combustion phasing, the best performance in terms of specific fuel consumption and thermal efficiency is achieved by 70% natural gas substitution. Moreover, 90% natural gas substitution results in the no-combustion condition.
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